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~ 	 CO\C::, =rA,iC 

	

min, 
	 : 	 .. i.arsnali L. S1-_•.•~ r, Pr_. ~ . r~ .:;. 

~ -C 

	

~ 	 Linda S. PeLs 

	

~ 	 S umma_  

	

~ 	 Cyclic triaxial strength tests were pei;formed on remolded 

	

~ 	specimens of waste gypsum remaining as a by-product from the 

manufacture of chemical fertilizer. 'SucYi test results may 

~ ! be used to evaluate the ability of the materia], to resist 

seismic shaking from earthquakes or the ability of the 

~ mateyial to resist spontaneous liquefaction from ground born 

~ 
vibrations from activities such as construction•. 

It Wa5 found that f'or specimens compactel ro 98% • of 

~ maximum standard compaction density at the optimum t;rater 

content, gypsum specimens are exF -re:;ely resistant i:o the devel- 

opment 	deformation in of 	 cyclic triaxiai st -rength tests. 	ror 

~  example, at a normalized cyclic stress ratio (peak shear stress 

divided by the effective confinzng pressure) of aaout 0.5 ~ raore 

j~ than 60 load cycles were required to produce 5% peak to peak 

~[ strai.n for specimens consoiidated to 2.0 kg/cm 2 	(4000 psf). 

~ 
r It ivas further found that the laboratory cyclic strength 

~ 	• 
of gypsum i.ncreases as the material i.s subjected to lor.ger 

. 	. 	 .. 	. 	; 
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~ 	 periods of i sotYonic stress . lt was found tha: pYit :ary 

consola.dation 	 :n less ~:~:an 20 minutc:.7 for 

	

~ 	 63 mm (2.5 in)' cii.aireter speci: ~:c,,s _n zh.e triGxi a? ce:?.l. 

iiowever, sf:condary co.T:ipress=on co:?t?:2L:e;i ior i.onCge%' 

	

~ 	periods of time and vertical deior;r.atior.s ;•:ere measured 

	

~ 	even after days of isotropic loading iri the triaxial 

cell. It was found that this secondary compression 

	

~ 	significantly.increased the streng4h of the specimens. 

For example, specimens consolidated to 2.0 kg/cm 2  (4000 psf) 

	

~ 	for more than one day were significantly szronger than ,  

	

t 	 specimens consolidated for 20 m3.nutes (the time for 100$ 
~ 

consolidation). 
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~ i 	Introduction 

~ f Gypsum is a waste by-pro;iuct oi the ma'_"iL' facture o_ 

phosphoric acid whici: is an ~ ;:_ortant 4-n:rec:ien4 ica ,he 

manufaeture of cl:emical fe_t--i?.izer_ 	In ona com-mo_. che_nical 

~ i process used to manufacture .•shcs-&horic Gcid, " paLxLc rock 

: a.s reacted with sulphuric acid t-o nroduce a slurry of 

~ i phosphoric acid.and gypsum. 	The wet gypsum is left as a 

` 	waste product after the phosphoric acid is filtered off. 

Large amounts of gypsum remain from the process and it 

~ l requires trAnsportation and storage. 	The disposal of gypsum 

+ i.s generally done in tailings dams similar to those used to 

retain other waste minings or manufacturing materials. 

Only a few investigators have i.nvestigated the engineer- 

~ ing properties of gypsum materials. 	Doth Blight (1969) and 

~ 
Vick (1977) have invest~gated the index properties, strength 

• 

and compressibility of gypsum materials. 	However, nowhere 

~ has the cyclic strength of gypsum been investigated to help 

evaluate its stability' durir.g grou._d shakir.g _rom earthquakes 

~ or from•construction activities such as pile driving. 	Since 

~ a number of other waste matera.als have shown instability to 

these types o€ ground shaki.ng , it is of interest to evaluate 

~ the dynamic behavior of gypsum to be able to compare its 

dynamic behavior and potential loss of strength during ground 

shaking with the behavior of other kinds of geotechnical 

~ materials. 	Therefore, a series of cyclic triaxi.al  strength 

•~ 

• 	. 
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tests were performed o7t remolcicci spcci:ner.s o_-  gyasu.n to 

evaluate their dynamic perycr:,tance _ 

yiaterials Tested 

The material 'zested i.n t! is stcdy t,ras a grc-y cypsum 

	

from the B eker Yndus tries. 	i:^. Idahc . The ;r.w terial 

consists of needle like monoclinic cristals with a controlled 

grain siie chosen to give requirect filtering rates in the 

manufacture of phosphoric ,acid. A wet sieve analys•is and 

a hydrometer analysis of the material gave the following 

particle size distribution: 

Sieve Opening or 	 Passing- 
Particle Diameter 	 by tdeight  

0.297 mm (No. 50) 	 99% 
0.149 mm (No. 100) 	 94% 

	

_ 0.074 mm .(No. 200).. 	 83$ 
0•.037 	 55% 
0.019 	 30% 
0.009 	 : 5 % 

From the above data it may be seen that the material 

consists mainly of silt sizc na_ticles. ALterburg limit 

tests shows that the gypsum is non-plastic. 

CoMaction characteristics  

The results of standard compaction tests on the material 

are shown,in Appendix A and summarized in Table 1. It may be 

seen that the material had a maximum dry density of 1.39 g/cm 3  
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~ 	 SliMMARY OF STA:dDAP.D Cv::i't;CTIC_d ?'EST :F,SCLTS 

Beker Industries Cyrsura 

5  

Thi s Nor t.,ern 
Study Testing 

~  Results  Results  

Maximum Dry' 87.1 '87.5 

~ 
Density~ 86.7 87.0 
(lb/ft ) 85.5 

Ave = 87.0 85.8 

~ 	- 
Optimum c4ater 22.1 21.8 
Content (Z ) 21.9 22.2 
(percent) 22.5 

Ave = 22.0 22.8 

~ 

~ +• 

~I Notes 

~ 
(1) 98% of r:ax Dry Dens:.ty 

(2)  Oven Temperature 45 0C for 48 hr. 

~4 • . _ - 

~~ 	- 
{ 

• 	• 
. 

- 

~~ 
. ' • 

'i•riaxa.al  
Specimen 
Characteristics 

. (1) 
85.3 

22% 
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(87.0 lb/=t'} at an optamu:n :•:at4r cor.te::t at a:;o ~st 22%. 

Independent compaction test :esu14s obtai?Zeci bv G::o':.i,ar 

laboratory are also shown on Table 1 where i;: mav Ne scen 

that the aVerage 71ax?i.ttli: Gi:,.' t~c1:51'~:j Was O:i t:v C?r:.(ef' Qf 

1.38 g/cm 3  (86.3 lb/ft 3 ) at r_n ontir::um water cor.cer t of 

about 22%. Based on 4he cc:r..+arison of these tt•:o ''~est results 

from two independent 3aborato'r:.c.s, it was felt t'r.at the 

compaction test results were reasonable. 

Water Content Determination 

~, 

, 

Li 

L  

In evaluating the engineeri.ng  properties of gypsum, 

great care must be taken when making water content determi- 

nations since the temperature at which the gypsum specimen 

is dried has a great influence on the amount of water 

released. For example, a sample of gypsum might- indicate 

a water content of 40% when 3ried in an oven at 1G5oC for 

24 hours. The same sample of materi.al  will typically ir.dicate 

a water content oL approximat- ely 20% wher 3r 4 ed in- an oven at 

450C for 48 hours. 

In evaluating the engineering charactexistics of gypsum 

it is felt that the lower water cor.tents better represent 

engineeri ng behavior. It appea:. s that at hi ther'.temperatures, 

water of -hydration may be released from the gypsum or possibly 

a chemical reaction may occur which breaks down the gypsum 

and re].eases water. Both water of hydration or chemically 

.,~ . 

10 

a 
A 
I~ 
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_ bound water is probably helu sa tigi:tly t^-a:: i'c is :.olt 

available to change the engineering bePavror o_` tl:e 

material under field conditioas. There.fore, a oven 

temperature of 45 0C and a c;Y>>ing ti.me of 48 hours was 

szlected for all tvater contenc. 4ete.rininai.ior.s c;EsL_:bcc 

in this report. 

7-771 

~'~: ii 

Eli 
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Y 
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■ 

To further study the e:: _=eci: of mLt,.oc" of c-y. 4 ::; on 

the water content of gypsum, s peci^ -iens of t: e same samvle 

of inaterial were dried 1) in a microwave oven, 2) in a 

conventional oven for 24 hours at a temperat- ure of 105 oC 

and 3) in a conventional oven for 48 hours at a temperature 

of 250C. Results of these tests are shown in Figure'l where 

it may be seen that the time of drying in the microwave oven' 

significantly changes the calculated.water content. For 

example, for times between l.and 6 minutes, the water content 

increased from a value of 4$ to 21%. •However, for times 

greater than 8 minutes the water content remained relatively 

constant at 22% and da.d not change with longer drying time. 

It.is interesting to note that approximately the same 

water conter_t (21a) was obtained by crying t_.e suma speci.ien 

of material for 48 hours i.n a conventional oven at 45 oC. On 

the ot}ier hand, a much higher water content of 42% was 

obtained by drying the sa:ne materia'L in a conventional oven 

.for 24 hours at 105 0
C. 

These results suggest that microwave oven drying is a 

meaningful procedure that can be'used for field control of 

FH0029168 
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Fig.'l . 	Effect of Drying Time on the'measured Watei- Coi -i teni-t o• 
. 'Gypsum Dried in a Microwave Oven (Note eacli point 

represents.the watex coiiten• of a fresh specimei -i from 
the sample), 
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construction using gypsu:n. 	::o: ever, 	it is inportant ti.a; 

~ preliminary tests to evaivatc tt_e effect af i:ir:e oi r_ying 

on water content values be _,n_fo -rmed in t'.:a field. 	i'urt'_7er, 

• ~ . 

. 	 . 	 . 	 . 	 . 

it is im.portart that c,are ...e e_;erci sec in stGn.:ardizing Lhe 

~ amount of materzal placed ir_ the ,.icrowuve oven `or eac1: 

water content determinatior_ sin.cc  t!:e laryer the sample or 

~ the greater the number of samples dried, the less efficient 

the drying process and the longer * S.t will take"for the 

~ speci.men,to reach an equilibrium water content. 	For the. 

~ tests shown in Fi.gure 1, a single sample of approaimately 

80 g was put in - the microwave oven for each test. 	Similar 

~t- control on the weight of the material introduced a.nto the 

~ 
microwave oven will have to be developed before using 

microwave oven*drying techniques in the.field for construction 

t[~ control . 
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~ 	 Seeciroen Preaarati On , SatL'rc: ~ i .:f?i^u:ld CC::: G_?uai:i::?7 

A wet tamping compaction ?;et- hou si" use:d to pyepare 

all gypsum specirens. 	procc:cuze co.^.s:.sts of `_: -p ir:g 

~ o` soil 	:o. an ext- ar::al r,:cld 	a w re::ezea.minad layers 	 in 	 to 

~ densi.ty. 	The vrocedure re.::ognize5 and ::,: kes : ,o_-rectlons 

for the fact that xahen co::ipGc}ing Tiate:ial in.layers, each 

~ precedi'ng layer densifies the material in the layer below- 

it. 	Therefore,.specimens of uniform densiLy throughout 

~ . their height 	 technique are prepared.- T'r,e sample preparatior_ 

~ is described in Silver (1377). 

Gypsum specimens were compacted in an extern.al  mold .  

to a density of 1.370 g/cm 3  (85.5 lb/ft 3 ) at a rnolding water 

content of 22%. 	The specimens were removed from the mold 

~ . dimensions •and 	 were obtained using-a circu.-nference measuring 

~ tape and a scale. 	All initial dry uni.t weight • calculations 

were based on measurerents taken of the spacimer: af4e'r it 

~j was removed from the mold: 	Saturat ion was accomplished'at 

t~ a low effective confining _ ressure of 0.5 ::;ic_ ~:2 . 	Specimens 

~ were allowed to saturate-until• B values 	 than of-greater 	0,98 

~ 

were achieved. 	For the fiYst series o-f 3 specimens, consol-. 

i.daiion was carrieif out by upplying small isotropic stress 

incre:nents of 0.5 kg/cm 2  while monitori:,g axial strain. and 

~I  volumetric change with time. 	A -second series of 3 specimens 

~ consolidated 	applying one 	 stress were 	 by 	 isot•ropic 	increment' 

~+ 

to the final effective confining pressure to evaluate the 
• 	 . 	 . 	 - 	 • 	- 

7
7 
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effect of time of consolici-- t- 'yc.) an:i mcti:od oT cons::i. : 

~ 	tion on the cyclic strengt:: of :3yps%U:^• 

~'ol ~.o~':ing co:l3o! iCct=c:_, S_3 ~?C.'_:."s ~~;~ !•:e ~e t:-u*_':°_` ~~''. : 

~ 	 to a stress controlleu loa.:_-:c fra::a -':o- cycl ic _..._: . ~•~ : 

~ 	testing. 

~ 	Precautions to be Taken in the 2'esting of Waste Gypsum  

In laboratory testing of gypsum, Blight (1965) 

suggests that special precautions are required. This is 

~ 	because the pore fluid in -a gypsum pile or dam, resulting 

~,. 	 from the manufacture of ferti.lizer, consists of a dilute 

solution of phosphoric, sulfuric and hydrochloric acids 

~ and varidus saits. 	In addition,*the gypsum itself is 

slightly..soluble in water with the result that any changz .. • .  
~ in the pore fluid may-aZter the pnysical nronerties•of the 

~ 
gypsum. • 	Thus, Blight suggests that the fluid used.to  

~ 
• 

prepare samples of gypsum in the laboratory shoald be the 

~ same fluid that exists in - t^a fielu as tize aore flui:a. 	In 

addition, he suggests that the cell fluid should not be 

~ water. but the same pore fluid that e:;ists In the_ ,ypsum 

pile" in ordzr to prevent os ::otic pressure from develop::.r.g . 	 .. 	. 	. 	. 	. 	. 

~ and causing the transmission of pure water across the 

( 
~t 

triaxial membrane into-the specimen. 
• 

' These precautions were considered in developing the 

~ iaboratory.testing program described in this report. 	However, 

;. 

. _. 	_ ... ... 	
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other tests on rypsum usi_I, 'bctr, n:tarai ac:.ciic : or. 

iluid and. pure water suggzs -  th3t the stre:i,th_ ;._f  

is not altercu significan ::i'~~ b`i cl;i:T?g_nu ~}:C riCi: ~c oi 

the ce31 or :orc fiuids_ r-'c:3.refo:. -a, dis',-_"'_led wai:er 

was used in preNaring 	specin;ens --;:o= testCi:^,. 

Similarly, pure ;-:ater' tras 	:,s t::e caj.? ~-'s-ni_c. :Ioc.7eYrer, 

double membranes and heavy silicone oil iias 	to heip 

reduce the -i.nfiltration of water .across the membrane fro:n 

the cell into the specimen. It ioas felt that these 

precautions were satisfactory based on the .results 

obtained from the test program. However, further research 

may be necessary to better define the effects of 1}. poten- 

tial osmotic forces and 2; the migration of pure water 

into the sample on the geotechnical properties of gypsuna. 

FH0029173 
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a!• 	Cyclic Triaxial Strength Test P;ccedure 	 ' 

Cyc].ic tr? a:tial strength ;:estzs I•iere 	 evr=__;.e 

pore water pressure ircrease anci induce4 cvclic st'_ains c:.:used *  

by cyclic stress2s sach as thc_e induced 'ay s;,•_on,. g°cun d s: akirsg.• 
WA 

Triaxi-al tCsting wcaS perfa--meLt us?ny` t:"lv scsils wDv:r.',al lV 

desi.gned dya"?aiitic. t.::ia:?iax ceJ.l ss dZsci±._^.:.:d i-i_ cilot3_r.-_  

• of this report. 

The cell was :roLn,ted =n a ar_eu::atic loa.ding rr`r:e capable 

of applying a periodic cyclic stress oz constGr.t amplitude. 
~ 

Digita3 readout uni.ts and a stri.pchart recorder were used 

	

~ 	to•monitor and record stress rtagnitLde, induced vext.ical defor- 

	

~ 	mati.on and . pore *.rater pressure build-up wi th time .: 

Cyclic triaxial. stren.gth tests. were periormed under stress- 

	

mdu 	controlled conditions on undrained specimens using the Tol?owing 

testing procedure: The test wzs b-egun by p;ogramming t::e sine 

	

~ 	wave pneumatic actuator to a pre-determi.ned pea3c cyclic stress 

	

~ 	- magnitude•. ~ Then, the axial 'loading piston - was conriectea to -the ' 

load ce11 and the recordir.g eguipment wGs 2eroe:.. Cycl-ic :loading 

	

~ 	was staxted and continued•until 1) double a.mplitude strain•s ex- 

ceeded 10%; 2) axial comp*-essi4•re or ext.'ensiva st,a_ris exceeded 

	

~ 	20$ dr 3) the predetermi.ned nunber of•load cyc?es wGs achieved. 

These cyclic triaxial strength test results were evaluated 

	

~ 	. 	 .• 	• 	
- 	 • 

a.n terms of the magnitude oi cyclic .a:_ -Lal stress anc the niLmber 

	

~ 	of cycl.es  required to - produce 1) . double amAl„i tude, 2) co;nprzssive 

or. 3) extension strains of 2.5, 5% and, 10%. Also recorded c,ras the 

	

~r 	first- cycle at which 4he induced excess por:e pressure first becaine 

	

~ 	' 	 - 	 • 

	

~ 
	

; 

's 
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equal to the cel 1 pressure :ahich is of::er_ Cai ~! aa iaita? 1_cu'e- + 

faction. 

The effect of con ~=inina ,::c:ss ~~re c. c ~~cl ~~c st r e*+.rL'n -: al wes 

Was conver_'iently t2j:en 3.n ~.^r uCC:. ~: *?t ~~" :! o ~"'..t+:ig t !:e  ::Lr°1.~.'~.~.Y of 

cycles required ro achi Ev e a g;;re ^•s ;.ra _r. .:mpl_tud:: b v a direzen- 

sionless ratio calied the strazs rat:.:. (SR`r 

A cs a  
5R: = 

~ . 	~3C 	 . 	 . 

where ,Qva ' i.s the single amplitude value of anp].ied axial stYess 

and 03c is the m,i.nor principal confining st-ress. For r.ianv pur- 

poses, the relationship betweez stress rati.o (S3) - and nuaaber of 

cycles to reacli some failure criteria may be taken to be a'unique 

relationship for a given soi.l at a given consolidation ratio (K c ) . 

The defini.tions of.stress and strain used 4o evaluate these 

dynamic test results are summarized on Fig 2. 
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i -------------, 

f 	°~ 	 ►  i 	., 

AXIAL LOAD f^P) 	 0  
~ 	 ~ 	 1 ~  

~.~► 	 ~ .—' 	'' ~; 3 

• 	AX1AL DEFORMATIOi~I (S~; 	~ 

PORE W.ATER PRESSURE tAU) 0 ._._  

r- 

4 
A 
4 
9 
~ 

DEFIN1TiON OF CALCUl.ATED STRESS AND STRAIIV VALUES 

-dCJa iSINGLE A-MPLITUDE) --- .  
2A ~ 

Ea{DOUBLE AMPLJTUDE) =  bc~+`' ~e  

• 	' 	 - 	 Le 

WHERE 	e,P~ ,bPe ,$c ,&e  ARE DEFINED IN FIGURES Al30VE 

,. 	. A c 	1S THE CONSOLIDATED SPEClMEi~! . AREA 

L C 	iS T~iC- CONSQLIDATED SPECIMEI~ LEVGTI-i 

Fiq_•2 - Oefiniiion of ,4leasured Load-.Deformation Values and 
Calculated Stress Strain Values for cyc7ic Triaxial 

. 	 - • . 	Strength Tests •  
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Cycli c Triaxial Testir.cs  

~;~ 
	

The cyclic strell,th tes;:ir...~• p_ogr :;7 sh c:r::. i:. 	% 

was c.esigr.ed to evaluate th i -; e=fects o` cy:..j s... S ~.re::a li ve1, 

B 
	

consolidation t? iue a:1d Con=:::116.a_i._Oi1 	 C:1 a.ti:i: .^ryc_ic 

strength of gypsum. 13n ir_;.tiGl series of 	tjere 

performed on specimens consolicated to 2.0 ::,/cm=  wt stress 

ratios estimated to give failure between 10 and 300 cycies. 

These -specirnens were conso lidated'very slowly in increments 

D 
	

so as not to disturbe the fabric of the.compacted gypsum. 

Further,- the consolidation process was continued for a 

period of time to give the specimens time to reach an 

Ell  

I 
71111 

il 
■ 

equilibrium void ratio. 

A plot showing volume change values with time for a 

typical gypsum specimen consolidated in increma_nts of 

0.5 kg/cm2  to an effective stress of 2.0 kg/cm 2  is shown.in  

Figure 3. * It may be seen that cven after one week in the 

triaxial cell, volume changes were still occurring. Such 

m.ovements occurrcd under ze=ro exccss pore watx:r pressure. 

In fact, the permeability o+= the gypsum was found to be 

relatively high and pri.mary consolidation seemed to be 

completed -in less tlaan 20 mir.utes. ' Vertical moVements • •and 

volume changes that continued beyond 20 minutzs seemed to 

- be due to secondary- compression. Additional -time -  history- . 

plots of vertical settlement and volume change are shown in 

;I 
FH0029177 
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Moulding dry unit weight: 	85.3 lb/ft 3  

A;oulding taater content: 	 22% 

Testi.ng frequency: ' 	 l hz 

Effective Confining Pressures: 	1.0, 2.0 and 4.0 kg/c:r,2 . 

Cyclic Stress Ratios: 	 0.3 to 0.7 

Specimen Preparation: 	 Wet Tamping Compaction 

Saturation: 	 Yes, with B Values 
greater than 0.98 

~^ M  . 	FH0029178 



a 

CO 

-n x 

q? 

tD 

is- 	 in 

I  • i • ' - 	',̀ L 	 ' ~ ' • 	- 4 . i  . 

Fig. 3 Typical Volume Change Versus Time Relationship for ono 
Specininii Consolidated in Severa Increments to dii rffecItivo 
Confinijig Pressure of 2.0 kg/ciii 	-Specimen Illestcd afl.cs -  kotll: 
Days of Loading.. 



~ • 	-  _ 

~
19 

~ appendix B. 

" ~'or consistency, 	an i:~ -;- ial t:-.ree s ~ m;~ ? es i=; _s 

~ consolidated under small st_ess i.ncre .14nt;s oi 0.5 tig/cm ~ 

MrA until a confining pressure G ~~ 	2.0 f.s t. lqas =^ric::i::Ca. 	12 11` 

fina.L stress irFcrencent wzs. Ll'~ cons4anr -for 24 rlo.4zs pY_or 

~  prior to cyciic loading. 

To investigate.the effectiveness af tw;:e*of cor.soli- 

~ dation and the secondary compression process on the cyclic 

~ strength of gypsum materials, a second series of tests wzs 

performed on three specimens w'riich were cyclicly loaded at 

~ the end of primary consolidation (estimated to occur in 

20 * minutes)_ 	These specimens were saturated under an 

effective confining pressure of 0.5 ksc and then in one 

~ increment the consolidation pressure was raised to 1.0, 2.0 -  

and 4.0_ksc respectively on the three iridividual specimens. 

ffim Volume change versus time p=ots for these scaci.mens is shown 

on Figure 4. 

~ Using'this consolidati.on procedure, it was possible to 

~ compare. the cyclic stren5th cf a sp.eci:ncn: loaued at tiie and 

of primary cansoiidation (20 mi.nutes) to the strength of a 

~ specimen loaded'after seconc:ary compression had taken place. 

Further, all three cf the spaci.n:ens from the second test 

~ series were subjected to a cyclic stress ratio of 0.5 making 

~ it possible to evaluate the effect of confining pressure on 

~ 

the cyclic strength'of gypsum. 
• 	 . 	. 
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C cy lic Stren gth Test Resulta 

Table 3 gives the phvs i;,al churacteris;.ics c 4L ~.!L.ch 

gypsum specimen and Table z su_.s:arizc-s ti?e :.yciic sz:rength 

results oi each test. 

Plots of single and dcu:Ae ampl'i.tude st: ain as a 

function of number of cycles =o'r each snecimen are shown 

in Figure 5. It may be seen thGt the speciaTLens were able 

to withstand very high values of cyclic stress for a r.umber 

of cycles without developing large strain amolitudes. In 

general, at low stress ratios, specimens faiied by raveling 

throughout.their height iike loose sands: At high stress 

ratios, "speca.mens failed by necking often near the base. 

Figure 6 shows the number o:E cycles to initial lique- 

faction, 5% arid 10$ double amplitude strain versus the 

stress, icatko for the .first. seri.es  of specim,ens tested 

after secondary cempression occurred at ai: 4f;ective s4ress 

of. 2.0 kg/cm2 . Figure 7 plots the number of cycles to 

initial lique€action, 5% and 10^s double amrli-V.:dL strain 

for a second series of specir.c:ns •cested at tne end of 

primary consolidation (20 m.inutes) at effective st•resses 

of. ]..0, 2.0 and 4.0 kg/.cm 2 . 

Both Figure 6 and Figure 7 shota that `the. g_vpsum exhibits 

high cyclic strength. This high strength is probably due to 

the strong dilative nature of the silt size parti,cles of 

E-1 
~ p=• ~;: 

.~ :. 

~... 

❑ 

~ 
A 

~ 

A 
~ 
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gypsu•;i. 	Low pore prossU.:_:.: 	...:-- = 	effcc ~ :•.ra 	_::r.4sses 

saere generated in a porti;: ..,  cach loading c ~jcie 	bv 

dilation of the ayosL:;i. 	i:,i:; ae^z~-;.o -r made tizc~ sp~:cimens 

able to withstand h_J: ~ loads i:it :10u= dGt•ei;,p-nz~ 

significant deformwtiGns w:r:- a: - 	:aer of ca-cles. 

Since Figure 7 sho::s }-.c- strc-ngLh of .Gpeciner.s consol- 

~ idated to differenL prGsSures 5st tested ai:. a cyclic stress 

~ ratio of 0_5, any dif x"erence in the strength between these 

specimens shows the effect of confining pressure on cyclic 

~ strength. 	It may be seen that the strength.of specimens 

consolidated to 1.0 ksc and 2.0 ksc i.s essentiaZly the 

~ same with specimens reaching 5% double amplitude strain in 

about 50 cycles. However, it may be seen that the 

specimen subjected_to a confining pressu -re of 9_0 kg/cm2 	- 

had lotver strength reaching 5% double amplitude strain in 

16 cycles. This data implies that gypsum is somewhat weaker 

at higher confining pressurGs. 

To evaluate the effect of tirne of consolidation ori the 

strength of gypsum,- the dat- a fzo.n iigure 5 and Fi y~ure 7 ior 

~ 	specimens consolidated to effective pressures of 2.0 kg/cm2  
but consolidated for different lengths of ti;ne are shown 

~ 	in Figure 8. The solid curve shows the cycla.c strength of 

~ 	materials consolidated into the secondary compression rang.e 

for four days. The dashed curve shows the cyclic strength 

~ 	of•materials tested after the'end of primary consolidati.on 

~ 

f ~ 

•~ . 

~ 	.  	• _ 
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A (20 :ninutes) based on r.esults of i:::e one test describec: 

previously performed at a::o;zxining prer,surL of 2.0 i_sc. 

It would appear that longer ccr.sol-i.datior, ;,^ ;3es (s-sp4ci a_? 

in to the secor_dary cor:pres::ion Ya nge)  

increased the strength of t:.e gypsunt. i'•or exG :;.le, the 

strei~gth of speci ~nens allo::e.d zo consol:.d•a ~e foa_ c:ays 

was on the order of 2 times the st=ength oi the s,ecimen 

tested after 20 minutes of consolidation. Such increase 

in strength with ti:ne has been noted for sGnds. xoweve_, 

the magnitude of the strength increase witYi time for 

gypsum is more than has been measured for other materials. 

Summary and Conclusions 

Based on cyclic triaxial str.ength tests performed c:i 

gypsum materials compacted to 98% o{ s -landard cor.lpaction, 

gypsum materials appear to b,e e:ctremely stronc; and able 

to withstand. significant levels of induced cyclic s_hear 

stress. Furtlier, the stror.g cilat_ve behavior of the 

material suggests that large deformations woLld not occur_ 

during small to moderate earthquakes in engineered 

embankments composed of gypsum materials. Furtl:er, the 

cyclic strength Teasured.for specimens at tiie end of 

primar.y consolidation was high. Yet, - tests indicate that . 	 . 

cycli.c strength of gypsum increases significantly after 

periods of sustained loading such as occur in the field. 

~ 
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This improved. cyclic stren~:th with ti::ie :`°zr:::.er c~:::ancas 

the potential st- ability of 	 ::—~os,-1i: 

of gypsun :nGterials. 

	

~ 	 It should be i:oted that ii-e;1 c. •seports of ssonr.a.i4ous 

liquefaction of gypsum ma•terials ^u:-e hec~, muc3e. S  -,:c:l-i 

	

~ 	 liquefaction pcssa.bly occi:_ _eci in naatc-r=als :;hic^. ::c_c' 

i:ncompacted and dumped at i::situ c.ensii.ies ;;_L t'r:c- o=der of 

1.28 g/cm3  (80 lb/ft 3 ) at :: ;te:r c4_.tents of L roY: 20 to 40%. 

Based on this reported performance, it is suggested that 

additional tests be performed on gypsum materials at 

	

~ 	lower densities and higher water contents to evaluate t-he 

	

~ 	liquefaction behavior of matera.als that are placed without 

engineering improvement. This data may be useful in 

	

~j 	 performing stability analyses to evaluate ir_creased stresses 

on embankments if spontaneous liquefaction occurs in*matari- 

	

~ 	als behind engineered gypsum embankments. Further, such 

	

~ 	tests will help to define if a critica], void ratio exists 

	

~. 	 for - gypsum material above which spontaneoLs i_J c;Lefact.ion is ' 

	

~ 	 possible and below which spontaneous liquefaction is ur.likely.  . 

	

~ 	 Additional tests to define the increas•a in Goth static 

	

~ 	and dynamic strength of Gyps:un with time (greater than 30 

	

1. 	 • 

days) might also provide results that could lead to the 

development of more economicul er:.bar.k:lent desic;ns. 

	

.~ 	 • 	. 

	

, 	 • 	 - 

2?. 

	

~ 	 -- 	- 	 • 	 ' 

	

~ 	' 	 . 	 • 	 , (. 

	

~.' 	.... .........._...-..- . 	. . 	. 	. 	- 	. 
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STATIDARD COMPACTION TEST RESULTS 

Beker Gypsum 
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Samp:z no 

Moisture can no. 

Wt. of can , wet soil 

Wt. of can + dry soil 

Wt. of water 

Wt. of e'an 

Wt. of dry soil 

Water  c 	ent. 	% 
V: I _;, INOA I= 	. 	 I 	 .. - . 	 .. 	 . . 

Density Determination 

Assumed water content 

Water content, ic% 

Wt. of soil + mold 

Wt. of mold 

Wt. of soil in mold 

Wet density, pjaJ- 

Dry density 7.-pef 

°~~n ~~i 
I~~ 

~i~~ '~~~ WI 

~ _- 

2,  
c 

_2 V. 	 38 

COMPACTION TEST 
38 -  

Project 

Location of Project 	 sa, 	!C)• 

Description of 
_-A 

Test Peiformed By 	 D -z o I T a s 
Li 	

Slows/Layer 

Mold dimensions: Diam. 	 Vo!. 

Water content. ic% 

Optimum moisture = 2.  i, 	Maximum dry density = `'~ - J_ pcf 

a- 
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COMPACTION TEST 	 39 

Project 	-Y 	 Job No. 

Location of Project 

Description of Soil 

Test Performed By 

Blows/Layer 

Mold dimensions: Diam. 	 ft 	1•:*.. 

il'titer Ctitileoct 

Mois!ure can no. 

Wt. of car. + we' soi I "A . 

Wt. of can T.ory soil 

Wt. of water 

Wt. of can 

Wt. of dry soil Z" ? 

Water content,  tv% 7 ~T 
Density  Deteriiiiiiaticiii 

Assumed water content 

kAJater content, tc% 

Wt.ofs01I+moId 

Wt. of mold -1 

Wt. of soil in mold 

Wet density. pcf 

Dry ,  density -y, pcf 1.5 

Water content, cv% 

Optimum moisture = QLi--- ~ % 	Maximum dry densily 	 pcf 
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DTAL GAGE VERSUS TIME• PLOTS 
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APPENDIX C 

CYCLIC TRIAXIAL TEST RESULTS 

GYPSUM SPECI14ENS 
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GE:OTECfiNICAL ENGINEEFII~G LABCl2P. -TJRY 

~ . 	ItARSHALL• L. SILVER P.E. 
------------------------------ 

Im  

L'ATE 	 20 APRIL 7c'. 
~ 	 . 

PROJECT 	BEKER GvPSUi•i 

~ 	LOCATION 
BORING ::0. 

~ 	DEP't'Ei OF SAMPLE 

~ 	SOIL DESCRIPTION 

~ 
i- 	AVERAGE DIAMETER 

A REA 

HEIGHT 

WTIGHT t  

WET UNIT S:EIGHT 

WATER COivTENT 

1}RY UI4IT VJEIu^HT 

~ ' 'F • 
. 	•~ v 	 - 

.~ •l•iF-.t:. 	 ' 	. 

~~
`,,•. ..

~' 	 -- . 	 . 	- 

.-:.J.... , . 

~~-~. ~̀Y•  _ 	 . . 

~' ~w~ `} •,
~L . 

~ 	
4~V/tt .•.. •y~j~~ .~ J 

. 	.✓ s 	G.. }  J. 	
. 

. 	r ,:.. •. K -: 	, 	- 

JG i, i:o . 

SA.iSPFaE N0. 	G-1 

GRAY GYPSU"•. 

SA:dPLE CHAR.~CTERISTICS 

IP2ITIAL AFTER CONSOLIDFiTICN 

60.9 	mn 60.7  r.:m 

2911.62 	sq.,r.m 2898.07 sa.mn 

150.4 	mm 147.9 mm 

732.64 	gn 770.6 gm 

1.673.gr~Vcc 1.798 gm/cc 

22.0 	% 28 . 32 ~ 

1.371 gr/cc 1.401 gm/cc 
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'3c ' 2 •, 0 , ksc 

a 3C  = 5.0 ksc 

uo  = 3.0 ksc 
CYCLIC TF3IAXIAL STRENGTH TF:ST SUI+'17ARY 

CYCLL' NUiiCER AVr1tAGL CYCLIC STRESS RATIO MAXIMUr1 SHEAP. DOUFtLE AMPLITUPE PORI: PRESSUR.F. 
SINGLFs AiMPLITUDE 	 STRESS 	 GTPAIH 	 RATIO 
VERTICAL STRESS 	

3c 
►+9/sr cn 	 kc{/ ,cr cm 	 '. 

1 2.070 0.518 1.035 0.3 0.250 
2 2.036 0.509 1.018 0.1 0.250 
4 2.036 0.509 1.018 r1. 	1. U.250 

10 2.001 0.500 1.001 0.1 0.275 
20 1..984 0.496 •0.992 0.1 0.285 
40 2.001 0.500 1.001 n.l 0.325 
Co 1.001 0.500 1.001 0.2 0.375 

100 :'.. 001 0.500 1.001 (1.2 0.4:;0 
200 2.001 0.500 1.001 0.3 0.525 
400 2.001 0.500 1.001 0.7 0.575 
445 2.001 0.500 1.001 1.4 1. CG(: 
459 1.967 0.492 0.983 2.4 1.050 
467 1.967 0.492 0.963 +1 .7 3.].00 
476 1.950 0.437 •0.975 3.0.1 1.1.00 
490 1.932 0.463 0.966 20..'s 1. ).00 

~ 

_ 0 0 
N 
~ 
N 
~ 

O 

MARSFiALL L. SILVER P.E. 

DATE 	 20 APRIL 70 
. 	 • 	; 

JOB N0. 

PROJECT 	 EL•:i{ER GYF'SUPi 

LOCATION 

SAMPLE N0. 

SOIL TYPE 

G-1 

GRAY GYPSUM 

it.. 
to 
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3..'. 	. 	 . 
DA'_'E 	 23 APRIL 73 	 103 NC?. 

PF'tOJEC't 	BEKER '3:I=SU:'•i 

LOCATION 

f30RI[3G r20. 	 SAH.FLE NO. 	G- 2 

~ 	 DEPTH OF SAMPLE 

SOIL OESCRIPTION 	 GRAY GYPSiTM 

~ 	 SAMPLE CHARACTERIS`^IC5 
: 

I;JITIAL 	 AF`1'ER COiVSOLxDATION 
~. 	 . 	 . 	 . 

AVEztAGE DIAMETER 	 60.8 	 'n 0. 5 un 

~  AREA 	 2903.97 sq.mm 	 2874.12 sq_r~r~ ~~: • 	 . 

~ 	HEIGHT 	 150.0 mm 	 147.8 mn 
w  

~ 	W'EIGHT r 	 732.64 gm 	 772.0 . 	 Sm 

WET• UuIT WEIGHT 	 1.682 g ~r~/cc 	 1.817 gm/cc ~ .. 	 . 

WATER CONT 	 28_3ENT 	 22.0 ~ 	 ~ 

~ 	. 	 - 	 - 

DRY 'U:TIT taEiGST 	 1.379 	 1.414 um/cc 

..}n~ '..t. 	

. 	 . 

~~ ••• ~ 	• 	 • 	
. 

~ 

~ .' • 'Y •  	 - 	 - 	 ' 

. >:r %9`=~ '' 	
• 

	

, t.. 	 • 	 ~ 
.. 	.. 	..» .. 	 , 	 . 	 . ; 	. 	 . 	 . 
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I4AItSrIALL L. SILVER P.E. ' 

BATE 	 20 APRIL 7E3  

J03 NO. 

PROJEC'P 	 EFKER GYPaUt4 

LOCATZON ; 

SAASPLE N0. 

SOIL TYPw 

G-2 	 ~ 3 c  = 2.0  ksc 

GRAY GYP5U:>! 	0 3c ~ 
5.0 ksc 

uo  = 3.0 ksc 

CYCLI C TRI AXIAL STRE?VGT3 TEST SUAiM4RY 

CYCLE NU 143rR AVERAG6 CYCLIC STRESS RATIO CiAXIMUi1 SHEAR n-0r;3LE M.PLITUOE PORr P:tFSSUFtL 
SI@IGLr: AMPLITiJOF 5TRE5S 5`PRAIf1 RI1T1'O 
VERTIChL S'PRESS Gt2/63 C  kg/sq cm kg/sq cm  

1 1.409 0.352 0.705 U. U l:.200 
2 1.409 0.352 0.7a5 0.0 0.210 
4 1.427 0.357 0.713 0.0 0.225 

10 1.427 0.357 0.713 0.0 0.225 
20 1.427 . 0.357 .0.713 0.0 0.254 
40 1.427 0.357 0.713 0.0 0.275 

100 1.479 0.370 0.739 0.0 0.325 
200 1.479 0.370 0.739 0.1 0.4010 
400 1.479 0.370 0.739 0.1 0.500 
550 1.479 0.370 0.739 0.1 0.600 

. 
r 

~ 
2 
c 
0 
N 
co 
N 
~  
N ~ 
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GEOT£CHNICAC, EVGINEERIVG L.A34RATOaY 

MARSHALL L. SI LVER P. F. 

~ DAT£ 	 20 APRIL 7?3 JOEi rlo. 

PROJECT 	3 E! ER GYhS UM 

, 

~l 

LOCATloh 

BORIVG N0. 
" 

S?► 'sKUi; 	A'0. G-3 
• 

~ ~ 	- 
flEPTH OF SA:9PLE 

SOIL DESCRI'PTI013 • 	. GRAY GYPSUt1 

9~! 	 - 

SrtiPLE CHARACTERISTICS 

~ INITIAL 	 A>:TER C0NSOL' ID'► TIOr: 

1 AVERAGE DIAI4ETER 60.7 	mm 60.4 tnrr 

AREA 2897.29 	so.;nm 2854.73 sq.mm  

, HEIGHT 149.6 	mn: 14 7. 7 mm 

kEIGHT , 	"' 732.64 	9m 767.9 gm ~ . 	. 
IvET U2JIT WEIGHT 1.690 gm/cc 1.815 gm/cc 

, WATER CONTENT 22.0 	% 27.8 ~ 

nRY UNIT 4QEIGiIT . I.3;?6 ~ ^/cc 1.419 ym/.^.c 

~ •• • 

~ . 	
• 

. 	 . • 	• 

~. - 
. 	. 	 . 	• . - 	 - 

~~ ...,• . • 

. ~~;~ `':+:.; 
_.. 

. 	 • 	. 	- 

_... . 	.. .. 	 .. .... 	- 	- 	-- 	......_._. 
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i1ARSIIALL L. SILVER P.E. 

 • 	. 

DATE 	 • 2J APRIL 78 . 	 ~ 

JOD :d0. 

PROJECT 	 BEI;ER GYPSC►ti 

LOCATION , 

SAMPLE NO. 	G-3 	 a 3c ` 2 • 0 ksa 

SOIL TYPE 	 GRAY GYP.:IJM 0 3C ' 5.0 ksc 

uo  = 3.0 ksc 
CYCLIC TRIAXIAL S`,L'RENGI'H TEST SUNMARY 

CYCLE r:UInBER AV[:RAGr CYCLIC STRF.SS RATIO MAXIMUAi SHEAR DbUBT,E A?•1PI,ITUDG PORE, PRESSURE 
SIA}GLT? ?1;-IPLITUDE STRESS S".'RAI\7  RAmIO 
VERTICr1L STRCSS 

kcI/rg cm kg/sct cm  3C 

1 2.503 0.646 1.292 C. ]. 0.300 
2 2.583 0.646 1.292 0.2 0.350 
4 2. 56 6 0.641 1.293 0.2 0.375 
8 2.566 0.641 1.283 0.2 0.425 

10 2.556 0.641 1.283 0.2 0.450 
20 2_548 0.637 1.274 0.4 0.550 
40 2.548 0.537 1.274 0.7 0.750 
63 2.548 0.037 1.274 0.0 1.000 
80 2.548 0.637 1.274 2.4 1.050 
86 2.548 0.637 1.274 4.9 1.100 
93 2.496 0.624 1.248 10.2 1.150 

.101 2.496 0.624 1.243 19. 3 1.150 

~ 

w 

-n _ 0 
0 
N 
~ 
N 
r~ 

~ 



J r i.'3 P.10 . 

SAMFLE NO. 	C-4 

GRAY GYPSG.t 

Sr7t1PLE CHARACiERISTICS 

INITIAL •AI'TER CO;:SOLIDATION 

60.8 	mm 6 0. 9 mm 

2907.47 	sq_mrn 2908.20 sa,.m:;i 

150.9 	mm 14 9- 2 ntm 

724.79 	g;tt 761.3 gm 

1.652 g.m/cc 1.755 gm/cc 

22.0 	% 28.2 m 

1.354 gT/cc 1,369 gm/cc 

DATE 	 24 AYRTL 78 

PROJ'ECT 	BEKER GYPSUM 

LOCaTIOy 

BORING N0. 

DEPTH OF SAtIPLE . 

SOIL D£SC:tIPTION 

AVERAGE DIAf:ETER 

AREA 

'HEIGHT 

WEIGHT` 

t4E'1' UNIT iJEIuiiT 

WATEfi CONTElIT 

DRY UNIT WEIGHT 

	

3r.`% ~ 	 • 

54 
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~ MARS:IAI,L L. SILVER P.E. 

DATPi 24 APi2IL 78 

• 

LOCATION 

• 

j  • 03c = 4.0 ksc 
J09 N.O. SAt1PLE N0. G-4 

03c  = 6.0 ksc 
pROJEC'P iiEKSR GYPSUt'1 SOIL TYPE GplAY GYPSUM 

uo 	= 2.0 ksc 

CYCLIC TRIAXIAL STRENGTI•I TEST S(TMti? ~ ItY 

CXCLE NU.•SSUR 	AVER:IGE: CYCLIC STRESS RATIO i4AXIMUII SHEAR DOUBI,E 	11P1PL1:TUD10 
I 

PORi PRESSURFs 
SIiVGLE A'IPLITUDI STRESS STrtAI:v RATIO 
VER'PICAL STRESS Au/o 3c  

kg/sq cm kg/sq cm ;s 

1 3.954 0.494 1.977 0.3 0.400 
2 3.954 0.494 1.977 0. S 0.500 
4 3.903 0.488 1.951 0.7 0.650 

12 3.868 0.484 1.934 2_3 0.975 
13 3.868 0.484 1.934 2.7 1.00t) 
10 3.834 0.479 1.917 5.0 1.050 
19 3.834 0.479 1.917 9.7 1.05(} 
22 3.834 0.479 1.917 3.6.3 3..050 

L„ 
Ln 

~ 

x 
• 

- 
. 

o 
0 

- 
N 
co 

~ 



AFTER COPSOLIDA`!'ION" 

60.6 - mr^ 

28L3.44 sq.:r.m 

149.1 Rr.+ 

764.7 gm 

1.779 gm/cc 

29.0 b 

1.379 gm/cc 

,~-°---•--.. 

!~ 

~ 

~

kM 
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UEOTEClINICAL ENGI -%l9,ERI:~G LABO!2ATURY 

MARSElA1.L L. SILVER P.E. * 

DA?'E 	 25 APRIL 78 

PROJECT 	SEKER GYPSUM 

L'JCAT IO [1 

aoRING N0. 

DEFT3 OE' SA:iPLE 

SOIL DESCRIPTIOPI 
	

GRAY GYPSUji 

;JU -la ::0. 

3AAPLE *d0. 	:3-5 

AVGRAGE DIAMETER 

AREA 

HEIGHT 

Y+"EIGHT - 

P?ET Ut?IT WEIGHT 

htATER CONTENT 

DRY UNIT 51EIGHT 

SA[+1PLE CHARACTERISTICS 

INITIAL 

	

60.6 	rnm 

2888.71 sq.mm  

	

150.1 	mm 

723.06 gm 

1.663 gm/cc 

22.0 °s 

1.367 gm/cc 

FH0029217 
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t•IARSHALL L. SILVER P. E. 

DATE 25 APRIL 78 , LOCATION 
' 03 c  - 2.0 ksc 

JOB IvO. SAAIPLf: T~O. G--5 
CF 3c - 5.0 ksc 

PROJECT BEhER GYPSUt4 SOIL TYPC GPAY GYPSUn', 
uo 	= 3'.0 ksc 

CYCLIC TRIAXIAL STRENGTiy TFST SUhtMARY 

CYCLE NUM13FR AVERAGE CYCLIC STRESS RATIO MAXIMUM SHEAR 	DOUIBLC AA1PLI7.'ULE PORF, PR)JSSURE 
'SINGLE AMPLITGDS STRESS ST RAIt} RATIO 
VERTICAI, $TRESS p u/6 3c  

kg/sg cm kg/scl cm 

1 

 
~ 

2.116 0.529 1.058  
2 2.116 0.529 1.058 0.3 0.425 
4 2.116 0.529 1.058 0.1 C. 525 

10 2.116 0.529 1.058 0.7 0.675 
20 2.081 0.520 1.040 0.8 0.E25 
40 2.046 0.512 1.023 1.5 1.000 
45 2.046 0.512 1.023 2.3 1.000 
53 2.046 0.512 1.023 9.7 1.050 
61 2.046 0.512 1.023 10.1 1.050 
73 2.02. 9 0.507 1.014 21.1 1.050 

Ln 
-i 

-n 
0 
0 N 
N 	 ~ 

~ 

CD 
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~ 	 . 

Dl,TE 	 25 APRIL 79 

Lin 
	 PROJEC'P 	BEKER GYPS'tl:f 

~ 	LOCAT IOtk 

BcRING 110. 

DEPTH OF SAIAPLE 

~ 	 SOIL DESCRIPTION 

~ - 	
- 

~ •'; ': 	

.. 

AVERAGE DIAt7ETCR 

AREA 

;,. 	HEIGHT 

WEIGHT 
. •.;t.:., . 

- 	WEi' UNIT WEIGiiT 

v7P_TER CONTLNT 

:: ".' • 	DRY' UNIT WEIGHT 

~ ""'~,~-,'•.~ - 

~ ••' 	 - 

• 	~:' 	: 

	

;: 	• 	' 
•V : 	 . 

~ 	. 	- • 

.7t', i3 F-O _ 

SAi:PLE NO. 	G-G 

GRAY GY,PSU2•i 

SADiPLE C;iAl2HCTERISTICS 

INI'J.'IAL HFTER CONSOLII)A'PION 

60,7 	mm 60.7 rr 

2892.84 	sq.nm 239G.08 sq.:r:m 

150.4 	P,Im 149.6 mm 

723.94 	gm 762.8 gm 

•1.654 9m/cc 1.760 gm/cc 

22.0 	b 28.5 % 

1.364 gm/cc 1.370 gm/cc 

FH0029219 



MARSI3l1LL L. SYLVER P. E. 

•DATE 25 APRIL 78 LOCATION 	, 
v3c = 1.0 ksc 

JoFi No. SAKPLE N0. G-G 

~ 3c = 4.0 ksc PEtOJECT 	' BEKER GYPSUtii SOIL TYPE GRAY GYPSUM 
uo 	= 3.0 ksc 	~ 

CYCLIC TRIAXIAL STRENvTH TEST SUKKA.RY 

CYCLE 9U:IF3ER AVEitAGE CYCLIC 	•S7.'RESS RATIO 	MAXIt•SUM SFIEAR 	DOU3LF, A_iP'LITJDE POR✓ PRF.SSURI; 
SItiGLE '1MPLITUOE STRESS 5'PRA7N RATIO 
VERTICAL STRE3S 

Q ~t~~3c kq/aq cn kg/Sq cm ^; 

1 1.036 0.518 0.518 0.1 0.600 
2 1.001 0.501 0.501 0.1 0.620 
4 1.001 0.501 0.501 0.1. 0.670 

10 1.001' 0.501 0.501 0.3 0.800 
20 0.3E34 0.492' 0.492 0.5 0.900 
39 0.984 0.492 0.492 0.9 1.000 
56 0.984 0_492 0.492 2.3 1.000 
65 0.9 657 0.433 0.433 4.7 1.101] 
79 0.932 0.466 0.466 10.1 1.100 
103 0.934 0.492 0.492 20.4 1.100 

Ln 
to 

-n 
Y 
0 
0 
N 
~ 
N : 
N 
O 	 ' 
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